Impacts of naturally acquired protozoa and strongylid nematode infections on growth and faecal attributes in lambs by Sweeny, J.P.A. et al.
 
 
MURDOCH RESEARCH REPOSITORY 
 
 
 
 
This is the author’s final version of the work, as accepted for publication  
following peer review but without the publisher’s layout or pagination.  
The definitive version is available at 
http://dx.doi.org/10.1016/j.vetpar.2011.08.016 
 
 
 
Sweeny, J.P.A., Robertson, I.D., Ryan, U., Jacobson, C. and 
Woodgate, R.G. (2012) Impacts of naturally acquired protozoa 
and strongylid nematode infections on growth and faecal 
attributes in lambs. Veterinary Parasitology,  
184 (2-4). pp. 298-308. 
 
 
 
http://researchrepository.murdoch.edu.au/7061/ 
 
 
 
 
 
 
 
 
Copyright: © 2011 Elsevier B.V. 
 
It is posted here for your personal use. No further distribution is permitted. 
 
 
 Accepted Manuscript
Title: Impacts of naturally acquired protozoa and strongylid
nematode infections on growth and faecal attributes in lambs
Authors: Joshua P.A. Sweeny, I.D. Robertson, U.M. Ryan, C.
Jacobson, R.G. Woodgate
PII: S0304-4017(11)00561-9
DOI: doi:10.1016/j.vetpar.2011.08.016
Reference: VETPAR 5995
To appear in: Veterinary Parasitology
Received date: 1-6-2011
Revised date: 26-7-2011
Accepted date: 8-8-2011
Please cite this article as: Sweeny, J.P.A., Robertson, I.D., Ryan, U.M., Jacobson,
C., Woodgate, R.G., Impacts of naturally acquired protozoa and strongylid nematode
infections on growth and faecal attributes in lambs, Veterinary Parasitology (2010),
doi:10.1016/j.vetpar.2011.08.016
This is a PDF ﬁle of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
Themanuscriptwillundergocopyediting,typesetting,andreviewoftheresultingproof
before it is published in its ﬁnal form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.Page 1 of 39
Accepted Manuscript
Page 1 of 1
Impacts of naturally acquired protozoa and strongylid nematode infections on  1
growth and faecal attributes in lambs. 2
Joshua P. A. Sweeny 
a*, I.D. Robertson 
a, U. M. Ryan 
a, C. Jacobson 
a and R.G.  3
Woodgate 
b. 4
a School of Veterinary and Biomedical Sciences, Murdoch University, Western Australia,  5
6150, Australia. 6
b Department of Agriculture and Food, Albany, Western Australia, 6330, Australia.  7
8
9
* Corresponding Author: 10
Email: J.Sweeny@murdoch.edu.au 11
Phone: +61 9 9360 2495 12
Fax: +61 9 9360 7390 13Page 2 of 39
Accepted Manuscript
Page 2 of 2
Abstract 14
On  two  separate  sampling  occasions,  faecal  samples  were  collected  from  lambs  (2–5  15
months  of  age)  grazing  pasture  on  two  separate  sheep  farms  in  southern  Western  16
Australia. Live weight, body condition score (BCS), faecal consistency score (FCS) and  17
faecal dry matter percentage (DM%) were measured. Faecal samples were screened by  18
PCR for Cryptosporidium (18S rRNA, actin and 60kDa glycoprotein [gp60] loci), Giardia  19
duodenalis  (glutamate  dehydrogenase [gdh]  and  β-giardin)  and  patent  strongylid  20
nematode  infections  (ITS-2  nuclear  ribosomal  DNA  for  Haemonchus  contortus,  21
Teladorsagia circumcincta, Trichostrongylus spp. Chabertia ovina and Oesophagostomum  22
spp.). Faecal worm egg counts (WECs) were performed using a modified McMaster WEC  23
technique.  The  WECs  were  adjusted  for  FCS  and  transformed  using  log10(adjusted  24
WEC+25) prior to statistical analyses.  25
Cryptosporidium,  Giardia  and  Trichostrongylus  spp.  detected  by  PCR  were  associated  26
with an increased risk of non-pelleted faeces (FCS≥3.0) for both flocks. Cryptosporidium- 27
positive lambs were 2.8–11.6 times more likely to have non-pelleted faeces and Giardia 28
positive lambs were 2.4–14.0 times more likely to have non-pelleted faeces compared to  29
lambs negative for each respective parasite. Lambs positive for both Cryptosporidium and  30
Giardia were 2.9–11.8 times more likely to have non-pelleted faeces than lambs positive  31
for only one or neither of these parasites. Mixed internal parasite infections were found to  32
have greater impacts on FCS and BCS than single infections. A higher number of internal  33
parasites detected per lamb was associated with lower BCS and more loose faeces. The  34
relationship between parasite detection and live weight or growth rate were inconsistent for  35
both flocks. Adjusted WEC was correlated with FCS and faecal DM% for one flock only,  36
although little or no correlation was found with live weight and growth rate for both flocks.  37
Cryptosporidium  ubiquitum  and  C.  parvum  were  the  most  prevalent  Cryptosporidium 38Page 3 of 39
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species isolated in the two flocks. Giardia assemblage E was the most commonly isolated  39
genotype  assemblage  from  both  flocks,  while  assemblage  A  was  isolated  almost  as  40
frequently as assemblage E in the one flock. One flock was a potential source of zoonotic  41
Cryptosporidium and the other flock was a potential source of zoonotic Giardia.  42
Keywords: Sheep; Strongylid nematode; Cryptosporidium; Giardia; Diarrhoea, Body  43
condition score; Faecal consistency, Live weight. 44Page 4 of 39
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1. Introduction 45
Strongylid  nematodes  have  important  impacts  on  sheep  health,  welfare  and  46
productivity  worldwide  (Fox,  1997;  Sackett  et  al.,  2006;  Broughan  and  Wall,  2007;  47
Sutherland et al., 2010) and have been associated with reduced live weight (Datta et al.,  48
1999), growth rate (Datta et al., 1999; Macchi et al., 2001; Louie et al., 2007), diarrhoea  49
(Broughan and Wall, 2007) and mortalities (Dargie and Allonby, 1975) in lambs. Diarrhoea  50
is one of the most common clinical signs associated with strongylid infections in lambs  51
(Besier and Love, 2003), but can also be caused by other pathogens including coccidia  52
(Eimeria), protozoa (Cryptosporidium and Giardia), bacteria (Campylobacter spp., Yersinia  53
spp.  and  Salmonella  spp.)  and  viruses  (Skirrow,  1994;  Belloy  et  al.,  2009).  Diarrhoea  54
results in increased risk of breech faecal soiling of the fleece (Broughan and Wall, 2007).  55
Breech fleece faecal soiling increases the risk of cutaneous myiasis (blowfly strike), and  56
management  of  this  disease  increases  costs  and  reduces  productivity  for  sheep  57
enterprises (Morley et al., 1976; Hall and Wall, 1995; Sackett et al., 2006). Breech fleece  58
faecal  soiling  also  increases  the  risk  of  carcase  contamination  with  faecal  pathogens  59
associated  with  food  poisoning,  meat  spoilage,  reduced  product  shelf  life  and reduced  60
efficiency of carcase processing (Greer et al., 1983; Hadley et al., 1997) 61
The  intestinal  protozoan  parasites  Cryptosporidium  and  Giardia  are  capable  of  62
infecting both domestic livestock and humans worldwide (Thompson et al., 2008; Xiao and  63
Fayer, 2008). Protozoan infections have been commonly reported in young, naive lambs  64
worldwide, including Australia (Yang et al., 2009; Sweeny et al., 2011d). Both organisms  65
have been associated with diarrhoea (Aloisio et al., 2006; Sweeny et al., 2011b), reduced  66
growth  rate  and feed  intake (Olson  et  al.,  1995;  Ralston  et  al., 2003),  depression and  67
dehydration in lambs (Aloisio et al., 2006). However, the consequences of mixed parasite  68Page 5 of 39
Accepted Manuscript
Page 5 of 5
infections  (strongylid  nematodes  and  protozoan)  in  lambs  raised  specifically  for  meat  69
production have not been well described.  70
The aims of this study were to investigate associations between intestinal parasites  71
(specifically strongylid nematodes, Cryptosporidium and Giardia) with live weight, growth  72
rate,  body  condition  score  (BCS)  and  faecal  attributes  of  lambs  grazing  pasture  in  73
southern Western Australia. A further aim of this study was to use molecular instruments  74
to characterise the Cryptosporidium and Giardia species/genotypes in both lamb flocks, to  75
indicate if either flock was a potential zoonotic source for these protozoa.  76
2. Materials and Methods 77
2.1 Study sites, animals and production measurements 78
This experiment was approved by the Murdoch University Animal Ethics Committee  79
(permit R2369/10). Lambs were located on two farms, Boyup Brook and Kojonup (Table 1)  80
in  southern  Western  Australia,  specifically  from  a  region  experiencing  a  Mediterranean  81
environment  characterised  by  hot,  dry  summers  and  cool,  wet  winters  (Moeller  et  al.,  82
2008). Lamb flocks were each raised on a single paddock, the major pasture plant species  83
being  annual  rye-grasses  (Lolium  spp.)  and  sub-terraneum  clover  (Trifolium  84
subterraneum). 85
Lambs from each flock were randomly selected and identified with ear tags. Faecal  86
samples  were  collected  rectally  from  only  these  identified  lambs  in  September  (2–3  87
months  old)  and  December  2010  (4–5  months  old).  Faecal  samples  were  placed  in  88
individually  labelled,  airtight  70ml  containers  and  stored  at  2–4
oC.  Faecal  consistency  89
score  (FCS)  was  recorded  using  a  scale  of  1  (hard  dry  faecal  pellet)  to  5  (liquid/fluid  90
diarrhoea)  previously  described  (Greeff  and  Karlsson,  1997).  Faecal  dry  matter  91Page 6 of 39
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percentage (DM%) was measured according to the method described by the Association  92
of Official Analytical Chemists  (AOAC, 1997). 93
Only those lambs tagged and identified for this study had their production attributes  94
recorded. Live weights of identified lambs from both flocks were recorded at both the first  95
and second sampling occasions. Body condition score was recorded at only the second  96
sampling  by  using  a  scale  that  ranged  from  1  (very  poor  condition,  emaciated)  to  5  97
(excessively fat) (Sutherland et al., 2010).  98
2.2 Anthelmintic Treatment 99
Lambs on both farms were treated with 12.5mg of moxidectin, 3mg selenium and  100
5mg  vitamin  B12  (Cydectin  Weanerguard  with  Selenium  and  Vitamin  B12,  Virbac  101
Australia) immediately after the first sampling. The second sampling occasion occurred 35  102
days after treatment for the Boyup Brook flock and 29 days after treatment for the Kojonup  103
flock.  104
2.3 Faecal worm egg counts  105
Faecal worm egg counts were performed within 2 days of faecal collection using a  106
modified McMaster WEC flotation technique with sodium chloride (specific gravity 1.20 – 107
1.25) as reported in the Australian Standard Diagnostic Techniques for Animal Diseases  108
Manual  (Whitlock,  1948;  Lyndal-Murphy,  1993).  Two  grams  of  faeces  were  used  from  109
each lamb faecal sample, with each strongylid nematode worm egg counted in a Whitlock  110
Paracytometer Slide chamber representing 50 eggs per gram (epg). Lambs were classified  111
as McMaster WEC positive if WEC≥50 epg. 112
2.4 DNA extraction  113
Genomic DNA was extracted directly from each faecal sample within seven days of  114
collection. Genomic DNA was extracted from a sub-sample taken from the centre of each  115Page 7 of 39
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collected  faecal  sample. The  sub-sample  was  weighed  (250–300mg)  and had genomic  116
DNA extracted by using a Power Soil DNA Isolation Kit (MO BIO Laboratories, Inc.; 2746  117
Loker Avenue West; Carlsbad, CA 92010). Minor modifications to the manufacturer’s protocol  118
were  made  and  have  been  detailed  in  a  previous  study  (Sweeny  et  al.,  2011d).  After  119
elution, DNA was stored at –20
oC until use. Negative controls (no faecal sample), protozoa  120
positive controls (faecal samples spiked with C. parvum and Giardia duodenalis (oo)cysts)  121
and strongylid nematode positive controls (faecal samples with a McMaster WEC≤50 epg  122
and spiked with a 200µl suspension containing T. circumcincta, Trichostrongylus spp., H.  123
contortus, Oesophagostomum spp. and C. ovina L3) were used in each faecal extraction  124
group subset, to detect any possible contamination or any PCR inhibition (Sweeny et al.,  125
2011a;  Sweeny  et  al.,  2011d).  Purified  DNA  from  both  field  and  control  samples  was  126
stored at –20
oC. The transport and storage practices utilised in this study were consistent  127
with  similar  studies  that  used  PCR  to  detect  protozoa  parasites  (Yang  et  al.,  2009;  128
Robertson et al., 2010). 129
2.5 PCR amplification  130
All  samples  were  screened  at  the  18S  rRNA  locus  for  Cryptosporidium  and  131
positives were genotyped by sequencing. A two-step nested PCR protocol was used to  132
amplify the 18S rRNA locus of Cryptosporidium previously described by Ryan et al. (2003),  133
producing a product of ~540bp. All Cryptosporidium positive samples at the 18S rRNA  134
locus were confirmed by another two-step nested PCR protocol, conducted to amplify a  135
product of ~830bp at the actin gene of Cryptosporidium, as described by Ng et al., (2006).  136
This verified as to whether mixed infections existed (i.e. one species amplified at the 18S  137
locus and a different species identified at the actin locus). To confirm samples detected  138
were Cryptosporidium parvum positive, a two-step nested PCR was used to sub-genotype  139Page 8 of 39
Accepted Manuscript
Page 8 of 8
C. parvum positives at the 60kDa glycoprotein (gp60) gene, which amplified a fragment of  140
~832bp (Strong et al., 2000; Sulaiman et al., 2005). 141
All samples were screened for Giardia at the gdh (glutamate dehydrogenase) gene  142
as  previously  described  by  Read  et  al., (2004),  producing  a  product  of  ~480bp.  All  143
samples identified as positive for Giardia at the gdh gene, were also screened at the β- 144
giardin  gene  with  a  two-step  nested  PCR  protocol.  The  primary  PCR  reaction  was  145
performed  as described  by  Cacciò et  al., (2002),  producing a ~735bp product and the  146
secondary PCR reaction amplified a ~511bp product using primers and PCR conditions  147
previously  described  Lalle  et  al., (2005).  Positive  samples  were  screened  with  nested  148
PCRs at each of these two loci (gdh and β-giardin), to confirm the assemblage(s) detected  149
and to determine if there were mixed G. duodenalis assemblage infections present (i.e.  150
samples positive for different assemblages at the two different loci).  151
A  single-step,  conventional  PCR  assay  was  performed  for  each  strongylid:  T.  152
circumcincta, Trichostrongylus spp., H. contortus and C. ovina, as described in a previous  153
study (Bott et al., 2009). Individual forward species-specific primers (TEL, TRI, HAE and  154
CHO) designed for the second internal transcribed spacer (ITS-2) of ribosomal DNA and  155
the reverse primer (NC2) located at the 5’-region of the 28S rRNA gene, were used to  156
detect the strongylids listed above and are described in greater detail by Bott et al., (2009).  157
The  primer  pair  TRI-NC2,  was  capable  of  detecting  all  four  major  Trichostrongylus 158
species, including Trichostrongylus colubriformis, T. axei, T. vitrinus and T. rugatus and  159
was also capable of detecting Oesophagostomum columbianum and Oesophagostomum  160
venulosum (Bott et al., 2009). The PCR thermocycling conditions used are described by  161
Bott et al., (2009), with PCR reaction mixtures described in an earlier study (Sweeny et al.,  162
2011a). For all PCRs described above, both negative and positive controls were included.  163
2.6 Sequence and phylogenetic analysis  164Page 9 of 39
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Positive  Cryptosporidium  (18S  rRNA,  actin  and  gp60),  and  Giardia  (gdh  and  β- 165
giardin) PCR products isolated  were purified using an UltraCleanTM DNA Purification Kit  166
(MO BIO Laboratories, Inc.;  2746 Loker  Avenue West;  Carlsbad, CA 92010) and sequenced  167
using an ABI PrismTM Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City,  168
California, USA) on an Applied Biosystems 3730 DNA Analyzer. Sequence searches were  169
conducted using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and nucleotide sequences  170
were  analysed  using  Chromas  Lite  version  2.0  (http://www.technelysium.com.au)  and  171
alignment confirmed with reference to strongylid species from GenBank using Clustal W  172
(http://www.clustalw.genome.jp). 173
Phylogenetic trees were constructed for Cryptosporidium isolates at 18S rRNA and  174
actin loci and also for Giardia isolates at the gdh and β-giardin loci, with additional isolates  175
obtained  from  GenBank.  Distance  estimation  was  performed,  based  on  evolutionary  176
distance  calculations  with  the  Kimura  2-parameter  model  and  grouped  firstly  using  177
TREECON software to conduct Neighbour-Joining analysis and secondly using Mega 5  178
software to conduct maximum-parsimony analysis. The confidence of groupings from both  179
analyses was assessed by bootstrapping, using 1000 replicates. A percentage bootstrap  180
support of >50% was used for each phylogenetic tree constructed (Figures 1 and 2).  181
2.7 Statistical analysis  182
Statistical analysis was performed using SPSS Statistics 17.0 (Statistical Package  183
for the Social Sciences) for Windows (SPSS inc. Chicago, USA). Prevalences (including  184
95%  confidence  intervals)  at  each  sampling  occasion  and  overall  prevalences  (lambs  185
positive  for  the  respective  parasite  on  either  first  or  second  sampling  occasion)  were  186
calculated  using  the  exact  binomial  method  (Thrusfield,  2007).  Prevalences  were  187
compared using Pearson’s chi squared or Fisher’s exact two-sided test for independence. 188Page 10 of 39
Accepted Manuscript
Page 10 of 10
McMaster WEC data were adjusted for a consistency of normally formed faeces  189
(FCS=1) according to the following equation described by Le Jambre et al., (2007): 190
191
 Adjusted WEC data were transformed using log10(adjusted WEC+25) to stabilise  192
variances  prior  to  statistical  analysis  (Dobson  et  al.,  2009).  Correlation  between  193
transformed adjusted WEC with growth rate, live weight, BCS, FCS or faecal DM% were  194
analysed using a linear regression with a Pearson correlation test for significance. 195
Lambs were classified as uninfected (never testing positive for the parasite at either  196
sampling)  or  infected  (testing  positive  at  least  once  for  the  parasite  at  any  of  the  two  197
samplings) for each parasite (Cryptosporidium, Giardia, T. circumcincta, Trichostrongylus  198
spp., H. contortus, Oesophagostomum spp. and C. ovina) for the analysis of growth rate.  199
Lambs  were  classified  as  positive  or  negative  for  the  respective  parasites  at  each  200
sampling occasion for live weight, BCS, FCS and faecal DM% analyses. Lambs were also  201
classified as having single or mixed strongylid infections (lambs positive for two or more  202
strongylid species), single or mixed Cryptosporidium and Giardia infections (lambs positive  203
for both protozoa), protozoa negative or positive (lambs positive for either Cryptosporidium 204
or Giardia) and single or mixed protozoan and strongylid infection (lambs positive for at  205
least one protozoan and strongylid species) for analyses of growth rate, live weight, BCS,  206
FCS and faecal DM%.  207
Univariate general linear modelling (ANOVA) and least significant difference post- 208
hoc tests were conducted  for live weight, growth rate (g/day gained and % of original live  209
weight/day  gained  between  first  and  second  sampling),  BCS  and  FCS  (dependent  210
variables) with respective parasites (positive/negative, number of genera and single/mixed  211
infection status) included as fixed factors (independent variable) and mean transformed  212Page 11 of 39
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adjusted  WEC  (average  for  the  first  and  second  sampling)  included  as  a  covariate.  213
General linear model regression analyses and least significant difference post-hoc tests for  214
dependent  variables  (growth  rate,  live  weight,  BCS,  FCS  and  faecal  DM%)  used  with  215
backward elimination for interactions until only significant independent variables (parasite)  216
remained.   217
Odds ratio analyses and either Pearson’s chi squared test or Fisher’s exact two- 218
sided  test  for  independence  analyses  were  utilised  to  determine  association  between  219
parasites and non-pelleted faeces (FCS≥3).  220
3. Results 221
3.1 Internal parasite epidemiology and species prevalence 222
The overall and individual sampling prevalences of all parasites are shown in Table  223
2.  Teladorsagia circumcincta  and  Trichostrongylus spp.  had the  highest  prevalences in  224
both flocks. Prevalence of mixed strongylid infections was higher in the Boyup Brook flock  225
than Kojonup flock on the first (P=0.004) and second (P=0.022) sampling occasions (Table  226
2). There were no significant differences in protozoan prevalences within or between farms  227
between  each  sampling  occasion.  Cryptosporidium  and  Giardia  species/genotypes  228
identified are displayed in Table 3. Cryptosporidium ubiquitum and C. parvum were the  229
most  common  species  isolated  from  the  Boyup  Book  and  Kojonup  flocks  respectively  230
(Figure 1). All C. parvum isolates from both flocks were genotyped at the gp60 locus and  231
found  to  be  of  the  genotype  IIdA20G1.  Assemblage  E  was  the  most  common  Giardia 232
genotype isolated from both flocks. All assemblage A isolates were identified as belonging  233
to  the  AI  sub-assemblage  group  (Figure  2).  Mixed  protozoan  and  strongylid  infection  234
prevalence was higher at Boyup Brook on the first sampling only (P=0.033).  235Page 12 of 39
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The  numbers  of  internal  parasite  genera  detected  per  lamb  on  each  sampling  236
occasion are shown in Figure 3. The mean number of parasite genera detected was higher  237
at Boyup Brook than Kojonup on both the first (1.76 ± 0.11 versus 1.41 ± 0.10, P=0.001)  238
and second (1.18 ± 0.14 versus 0.93 ± 0.13, P=0.005) sampling.   239
3.2 Growth rate 240
For both flocks, adjusted overall mean WEC was not significantly correlated with  241
growth  rate  using  linear  regression  (P>0.05).  Lambs  that  were  negative  for  242
Trichostrongylus  spp.  on  both  sampling  occasions  (n=62)  had  a  higher  growth  rate  243
(42g/day gained for a 40kg lamb) compared to Trichostrongylus spp.-positive lambs in the  244
Boyup Brook flock only (P=0.003). Lambs that were negative for Giardia on both sampling  245
occasions (n=53) had a higher growth rate (51g/day gain for a 40kg lamb) compared to  246
lambs Giardia-positive at the Kojonup flock only (P=0.033).  247
Significant  interactions between parasites and growth rate were  identified for the  248
Kojonup flock only (Table 4). Mixed infections with C. ovina and T. circumcincta (n=6) or C.  249
ovina and Trichostrongylus spp. (n=4) were both associated with weight loss. Lambs never  250
positive for either T. circumcincta or Trichostrongylus spp. (n=36, 0.466%/day ± 0.065) had  251
greater growth rates compared to lambs T. circumcincta-positive only (n=19, 0.101%/day ±  252
0.097), Trichostrongylus spp.-positive only (n=3, 0.140 %/day ± 0.132) or positive for both  253
T. circumcincta and Trichostrongylus spp. (n=14, 0.136 %/day ± 0.128) (P<0.001).  254
3.3 Live weight 255
Adjusted mean WEC was not significantly correlated with lamb live weight on either  256
sampling occasion for both flocks. Teladorsagia circumcincta-negative lambs (n=65, 40.17  257
± 1.16kg) were heavier than T. circumcincta-positive lambs (n=63, 37.06 ± 1.34kg) on the  258
first  sampling  for  Boyup  Brook  (P=0.003).  Also,  Trichostrongylus  spp.-negative  lambs 259Page 13 of 39
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(n=84, 39.94 ± 1.10kg) had heavier live weights than Trichostrongylus spp.-positive lambs  260
(n=44, 37.29 ± 1.40kg) (P=0.004). There were no further main effect associations between  261
single parasite genera and live weight for either flock (Table 6, Appendix A). Boyup Brook  262
lambs negative for both T. circumcincta and Trichostrongylus spp. (n=49) were heavier  263
(41.42 kg ± 1.04) than T. circumcincta and Trichostrongylus spp.-positive lambs (n=28,  264
36.29 ± 1.36kg) and T. circumcincta only positive lambs (n=35, 39.93 ± 1.16kg) (P=0.038),  265
but  not  Trichostrongylus  spp.  only  positive  lambs  (n=16,  41.04  ±  1.33kg)  on  the  first  266
sampling occasion. No interactions between parasites were associated with live weight in  267
the Kojonup flock.  268
There were no associations between mixed parasite infections (protozoa, strongylid  269
or both) or the total number of parasite genera detected per lamb with live weight at either  270
sampling.  271
3.4 Body condition score 272
Mean adjusted WEC at the second sampling was not correlated with BCS for either  273
the Boyup Brook (P=0.446) or Kojonup (P=0.175) flocks. Cryptosporidium-positive lambs  274
(n=36) had lower BCS (2.94 ± 0.20) than Cryptosporidium-negative lambs (n=92, 3.24 ±  275
0.18, P=0.001) and H. contortus-positive lambs (n=8) had lower BCS (2.93 ± 0.26) than    276
H. contortus-negative lambs (n=120, 3.25 ± 0.18, P=0.065). The proportion of variability in  277
the data as accounted by the GLRM model analysis was ~13% (R
2 = 0.127).  278
Lambs positive for both protozoan genera had lower BCS (3.15 ± 0.05) than lambs  279
negative for both protozoan genera (3.42 ± 0.05) at Boyup Brook only. Lambs identified  280
with mixed protozoan and strongylid infection (n=23) had lower BCSs (3.10 ± 0.10) than  281
lambs without mixed protozoan and strongylid infection (n=105, 3.33 ± 0.05) (P=0.064). No  282
relationship between single or multiple parasite infections and BCS were identified in the  283Page 14 of 39
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Kojonup flock. Increasing number of parasite genera detected per lamb was associated  284
with lower BCS at both Boyup Brook (P<0.001) and Kojonup (P=0.009) (Figure 4).  285
3.5 Faecal consistency score 286
Lambs identified with single or mixed protozoan infections had an increased risk of  287
non-pelleted faeces (FCS≥3) (Table 5). Trichostrongylus spp.-positive lambs (n=34) were  288
8.33 (1.09, 46.4) times more likely to have non-pelleted faeces than Trichostrongylus spp.- 289
negative lambs in the Boyup Brook flock (P=0.005) and 6.56 (1.11, 27.2) times more likely  290
to  have  non-pelleted  faeces  than  Trichostrongylus  spp.-negative  lambs  in  the  Kojonup  291
flock (P=0.017) at the second sampling. No other strongylid genera were associated with a  292
significantly increased risk of non-pelleted faeces. 293
Adjusted mean WEC was correlated with FCS at the first (P=0.039, R
2=0.076) and  294
second (P=0.018, R
2=0.081) sampling occasions for the Kojonup flock. This correlation  295
represented a FCS increase from 1.4–2.1 and 1.1–1.9 across the adjusted WEC range  296
observed (0–155 epg) on the first and second sampling, respectively. Lambs from both  297
flocks positive for Cryptosporidium on either sampling had higher FCS (more loose faeces)  298
than  Cryptosporidium-negative  lambs  (P<0.001)  and  Giardia-positive  lambs  had  higher  299
FCS  than  Giardia-negative  lambs  (P<0.05).  Trichostrongylus  spp.-positive  lambs  had  300
higher FCSs than negative lambs on the second sampling only for both flocks (1.70 ± 0.91  301
versus 1.20 ± 0.91; P=0.005). The proportion of variability in the data accounted by the  302
GLRM model analysis ranged ~18–30% (R
2 = 0.18–0.30) (Table 7, Appendix A). 303
Higher number of internal parasite genera were associated with higher FCS at both  304
Boyup Brook (P=0.032) and Kojonup (P<0.001).   305
3.6 Faecal dry matter  306Page 15 of 39
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Higher adjusted WEC was correlated with reduced faecal DM% on both the first  307
(30–22% across an adjusted WEC range of 0–155 epg, P=0.003, R
2=0.125) and second  308
(34–25%, across an adjusted WEC range of 0–155 epg, P=0.007, R
2=0.105) sampling  309
occasions in the Kojonup flock. No significant associations between adjusted WEC and  310
faecal DM% were found in the Boyup Brook flock on either the first (P=0.827) or second  311
(P=0.504) sampling occasion. 312
Cryptosporidium  and  Giardia  were  associated  with  higher  faecal  DM%  for  both  313
flocks  on  both  sampling  occasions  (Table  8,  Appendix  A).  Lambs  positive  for  either  314
protozoan species had lower faecal DM% compared to lambs negative for both protozoan  315
species at both Boyup Brook (21.72 ± 0.91 versus 25.42 ± 0.91; P=0.005) and Kojonup  316
(24.14 ± 0.89, versus 28.33 ± 0.85; P=0.001) at the first sampling and at both Boyup Brook  317
(21.61 ± 0.86 versus 25.64 ± 0.82; P<0.001) and Kojonup (28.29 ± 1.14 versus 31.88 ±  318
0.85; P=0.015) on the second sampling.  319
320
4. Discussion 321
The  major  findings  in  this  study  were  that  Cryptosporidium,  Giardia  and  322
Trichostrongylus  spp.  were  associated  with  higher  FCSs  (more  loose  faeces)  and  an  323
increased risk of lambs producing non-pelleted faeces. An increased number of parasite  324
genera detected per lamb was associated with a lower BCS. Cryptosporidium ubiquitum 325
and C. parvum were the Cryptosporidium species most commonly isolated from lambs,  326
while Giardia assemblages A and E were the most common Giardia assemblages isolated.  327
Despite high prevalences and the detection of a variety of different parasites (protozoa and  328
strongylid nematodes) in lambs, there was little or no evidence of overt disease and so it is  329
likely that the magnitude of these infections (number of established parasites) were below  330
the level that would result in poor growth rates in each of the two flocks in this study. 331Page 16 of 39
Accepted Manuscript
Page 16 of 16
Further  studies  of  a  larger  scale  are  necessary  to  provide  more  information  332
regarding  the  observed  associations  and  impacts  between  molecular  internal  parasite  333
identification  and  lamb  productivity.  While  acknowledging  that  internal  parasitism  has  334
significant  consequences  upon  livestock  production  profits  (Sackett  et  al.,  2006),  it  is  335
important to emphasise that other factors (such as genetics and nutrition) will have a major  336
impact on lamb productivity and resilience to parasite challenge (Abbott et al., 1986; Kahn 337
et al., 2003; Liu et al., 2005; Louvandini et al., 2006; Houdijk, 2008). In this present study,  338
internal parasitism accounted for ~12–30% of the variation observed within the analyses of  339
each flock data set (R
2).  340
Mixed strongylid infections have been reported to have greater consequences on  341
lamb productivity than single infections (Bown et al., 1991; Sykes and Greer, 2003). For  342
both flocks  in this present  study,  mixed protozoan and mixed strongylid and protozoan  343
infections  were both associated with  greater negative consequences  for  body  condition  344
(lower BCS) and faecal consistency (higher FCS and lower faecal DM% indicating more  345
loose,  wet  faeces)  compared  to  lambs  with  either  a  single  infection or  no  evidence  of  346
internal parasite infection. The relationship between parasite infections and live weight or  347
growth  rate  were  complex,  with  a  number  of  interactions  between  internal  parasites  348
identified. Lambs in this study were not subjected to fasting (held off feed) before weighing  349
and  differences  in  the  weight  of  gastrointestinal  contents  could  have  impacted  on  the  350
variability of live weights that were observed (Arnold and Meyer, 1988).  351
Assessment of BCS does not require sophisticated equipment and has been shown  352
to be an effective measure of a sheep’s “nutritional wellbeing” and body reserves across a  353
range of genotypes and environments (van Burgel et al., In Press). Body condition score is  354
considered a more accurate measure of body reserves than live weight because unlike live  355
weight, BCS is not confounded by factors such as gastrointestinal tract contents, sheep  356Page 17 of 39
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frame size, pregnancy and fleece weight (Russel et al., 1969; Warriss et al., 1987; Teixeira 357
et al., 1989; Sanson et al., 1993; Oregui et al., 1997). Consequently BCS is potentially a  358
more  accurate  and  reliable  indicator  on  the  consequences  of  internal  parasitism  on  359
productivity compared to live weight. Carcase weight was not measured in this present  360
study, but previous studies suggest that impacts of parasitism on carcase weight may be  361
greater than is indicated by live weight differences between infected and uninfected lambs  362
(Jacobson et al., 2009; Sweeny et al., 2011b).  363
Diarrhoea  outbreaks  in  grazing  lambs  are  typically  attributed  to  strongylid  364
nematodes (Besier and Love, 2003; Sargison, 2004). In this present study, PCR detection  365
of  Trichostrongylus  spp.  was  associated  with  an  increased  risk  of  non-pelleted  faeces  366
(6.56–10.53 times) for both flocks, but only at the second sampling. Trichostrongylus spp  367
have been linked to diarrhoea in grazing lambs over winter and spring months in southern  368
Australia (Besier and Love, 2003; Woodgate and Besier, 2010). This is consistent with the  369
present study, whereby Trichostrongylus spp. was associated with more loose, wet faeces.  370
Adjusted WEC had little or no significant correlation with any of the production attributes  371
recorded for both flocks in this study, although it was correlated positively with FCS and  372
negatively with faecal DM% in the Kojonup flock.  373
Investigation into the epidemiology  of  Cryptosporidium  and Giardia  in each lamb  374
flock, found these protozoan parasites were commonly detected in lambs from both farms  375
and that overall prevalences ranged between 26–41%. Protozoa prevalences were similar  376
to  those  described  in  a  longitudinal  study  of  lambs  in  a  similar  geographical  region  377
(Sweeny et al., 2011d). The most prevalent Cryptosporidium species isolated from lambs  378
in this present study were C. ubiquitum and C. xiaoi from the Boyup Brook flock and C.  379
parvum and C. ubiquitum from the Kojonup flock. These species have each been identified  380
in sheep from previous studies (Santín et al., 2007; Mueller-Doblies et al., 2008; Yang et  381Page 18 of 39
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al., 2009; Robertson et al., 2010; Wang et al., 2010; Sweeny et al., 2011d). Although C.  382
ubiquitum has been isolated from humans worldwide (Ong et al., 2002; Learmonth et al.,  383
2004; Chalmers  et al.,  2009), it  has not been detected in any human cryptosporidiosis  384
cases in Western Australia to date (Ng et al., 2010a; 2010b). Giardia assemblage E was  385
the  most  prevalent  genotype  identified  in both  flocks,  although assemblage  A  (AI  sub- 386
assemblage group) was isolated almost as frequently as assemblage E from the Boyup  387
Brook flock. Assemblage E appears the most  prevalent Giardia genotype isolated from  388
sheep  (Robertson  et  al.,  2010;  Sweeny  et  al.,  2011d),  although  high  numbers  of  389
assemblage A were isolated from lambs, in a recent study (Nolan et al., 2010). 390
The  strongylid  species  prevalences  were  similar  to  those  reported  in  a  recent  391
epidemiological  study  conducted  in  the  same  region  (Sweeny  et  al.,  2011c) with 392
Teladorsagia  circumcincta  and  Trichostrongylus  spp.  most  commonly  identified.  393
Haemonchus  contortus  was  identified  in  the  Boyup  Brook  flock  where  environmental  394
conditions were more favourable for survival of H. contortus free-living stages compared to  395
the Kojonup area which experiences hotter, drier summers (Besier and Dunsmore, 1993a,  396
b; Dobson and Barnes, 1995). 397
In this study Eimeria spp. was not screened for by utlising either a microscopy or  398
molecular technique. A recent longitudinal study in a similar geographical region to this  399
present  study,  utilised  microscopy  to  determine  Eimeria  prevalence, although found no  400
association  between  Eimeria  detection  and growth  rate  or  carcass  productivity  in meat  401
lambs  (Sweeny  et  al.,  2011b).  Future  research  plans  to  utilise  molecular  diagnostic  402
techniques to screen  for a number of pathogens; protozoa (including Eimeria), bacteria  403
and  viruses,  in  meat  lamb  faecal  samples  to  investigate  whether  any  pathogens  are  404
associated with reduced lamb productivity. 405
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5. Conclusions 407
This study identified that detection of Cryptosporidium, Giardia and Trichostrongylus  408
spp. by PCR had an impact upon faecal attributes, via associations with more loose faeces  409
in grazing lambs. Mixed internal parasite infections and an increased number of parasite  410
genera detected by PCR, were found to have a greater impact on lamb faecal consistency  411
and body condition than single infections. Relationships between parasites and live weight  412
or growth rate were complex and inconsistent. One lamb flock had high prevalences of C.  413
parvum and consequently was a potential source of zoonotic Cryptosporidium, while the  414
other flock had high prevalences of assemblage A and hence was a potential source of  415
zoonotic Giardia. 416
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Table 1 637
Geographical location and sheep information for sheep farms in this present study. 638
 Note: DSE = Dry Sheep equivalent, is a standard unit frequently used to compare animal carrying capacity and potential productivity of  639
a given farm or area of grazing land. It also aids in helping assess feed requirements of different classes of livestock (McLaren, 1997). 640
Sampling occasions 
Geographical 
farm location First 
sampling
Second 
sampling
Mean 
annual 
rainfall 
(mm)
Farm size 
(Hectares)
Sheep 
on farm 
(n)
Lamb breed Commencement 
of lambing
Goats and/or 
cattle on 
property
Winter 
stocking rate
Boyup Brook Oct 27
th  Dec 1
st  560 350 1850 Merino x White Suffolk Late May Cattle, no goats 5.6 DSE/Ha
Kojonup Nov 8
th  Dec 7
th  525 450 1350 Merino x Poll Dorset Mid June Neither 9.0 DSE/HaPage 30 of 39
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Table 2 641
Internal parasite prevalence (95% confidence interval) and average faecal worm egg count  642
(WECs) for each lamb flock. 643
Note: All lambs on both farms received an anthelmintic treatment following the first sampling at day 0. Mixed strongylid infections were  644
lambs  positive  for  two  or  more  strongylid  species.  Mixed protozoa  and strongylid  infections  were lambs  positive  for  at  least  one  645
protozoan and one strongylid species. 646
Adjusted mean WEC accounts for faecal consistency score (FCS). 647
Farm Boyup Brook (n=128) Kojonup (n=72)
Sheep age
2-3 months 4-5 months 2-3 months 4-5 months
Day of study 0 35
Overall 
Prevalence
0 30
Overall 
Prevalence
Cryptosporidium prevalence  33.6 (25.5, 42.5) 28.1 (14.4, 35.1) 40.6 (32.0, 49.7) 31.9 (21.4, 44.0) 23.6 (14.4, 35.1) 31.9 (21.4, 44.0)
Giardia prevalence 30.5 (22.6, 39.2) 30.5 (22.6, 39.2) 41.4 (32.8, 50.4) 26.4 (16.7, 38.1) 20.8 (12.2, 32.0) 26.4 (16.7, 38.1)
Cryptosporidium and Giardia 
prevalence
17.2 (11.1, 24.9) 12.5 (7.3, 19.5) 22.7 (15.7, 30.9) 13.9 (6.9, 24.1) 11.1 (4.9, 20.7) 16.7 (8.9, 27.3)
H. contortus prevalence 7.0 (3.3, 12.9) 6.3 (2.7, 11.9) 10.9 (6.1, 17.7) 0.0 (0, 5.0) 0.0 (0, 5.0) 0.0 (0, 5.0)
T. circumcincta prevalence 49.2 (40.3, 58.2) 39.0 (30.6, 48.1) 65.6 (56.7, 73.8) 31.9 (21.4, 44.0) 25.0 (15.5, 36.6) 45.8 (34.0, 58.0)
Trichostrongylus spp. prevalence 34.4 (26.2, 43.3) 26.6 (19.1, 35.1) 51.6 (42.6, 60.5) 11.1 (4.9, 20.7) 15.3 (7.9, 25.7) 23.6 (14.4, 35.1)
C. ovina prevalence 10.9 (6.1, 17.7) 7.8 (3.8, 13.9) 14.8 (9.2, 22.2) 11.1 (4.9, 20.7) 4.2 (0.9, 11.7) 13.9 (6.9, 24.1)
Oesophagostomum spp. prevalence 10.2 (5.5, 16.7) 3.1 (0.9, 7.8) 11.7 (6.7, 18.6) 5.6 (1.5, 13.6) 4.2 (0.9, 11.7) 8.3 (3.1, 17.3)
Mixed strongylid infection prevalence 34.4 (26.2, 43.3) 28.1 (20.5, 36.8) 49.2 (40.3, 58.2) 15.3 (7.9, 25.7) 13.9 (6.9, 24.1) 26.4 (16.7, 38.1)
Mixed protozoan and nematode 
infection prevalence
32.0 (24.1, 40.9) 18.0 (11.7, 25.7) 38.3 (29.8, 47.3) 18.1 (10.0, 28.9) 16.7 (8.9, 27.3) 23.6 (14.4, 35.1)
Mean WEC ± S.E.M. (epg)  100 ± 13 77 ± 12 - 28 ± 5 21 ± 4 -
Adjusted mean WEC + S.E.M (epg) 147 ± 18 103 ± 15 - 34 ± 6 24 ± 5 -
WEC range (epg) 0 – 750 0 – 700 - 0 – 150 0 – 150 -
Adjusted mean WEC range (epg) 0 – 1162 0 – 859 - 0 – 155 0 – 155 -Page 31 of 39
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Table 3 648
Cryptosporidium and Giardia species/genotypes isolated from two lamb flocks in Western  649
Australia. 650
651
652
653
654
655
656
657
658
659
660
Farm Boyup Brook (n=128) Kojonup (n=72)
Sheep age 2-3 months 4-5 months 2-3 months 4-5 months
Day of study 0 35 0 30
Cryptosporidium
parvum 2 2 14 7
ubiquitum  23 19 5 6
xiaoi 18 15 2 3
xiaoi and 
parvum mixed 
infection
0 0 2 1
Total 43 36 23 17
Giardia
assemblage E 17 21 14 11
assemblage A  18 18 4 4
assemblage A 
and E mixed 
infection
4 0 1 0
Total 39 39 19 15Page 32 of 39
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Table 4 661
Relationships between parasites and growth rate with univariable analyses and general  662
linear regression model (GLRM) analysis. 663
 Note: Cryptosporidium spp. = Crypto, T. circumcincta = Tel, Trichostrongylus spp. = Trich, H. contortus = Haem, C. ovina = Chab,  664
Oesophagostomum spp. = Oesoph and SEM = standard error of the mean. 665
Lamb growth rate (% original live weight/day gained ± SEM)
Farming 
Property Adjusted WEC 
(covariate) Crypto Giardia Tel Trich Haem Chab Oesoph
Boyup Brook
Uninfected - 0.128 ± 0.044 0.131 ± 0.046 0.106±0.050 0.162 ± 0.045 0.132±0.030 0.066 ± 0.040 0.127 ± 0.035
Infected - 0.091 ± 0.048 0.088 ± 0.046 0.113±0.043 0.050 ± 0.047 0.087±0.068 0.153 ± 0.056 0.092 ± 0.061
P-value 0.433 0.296 0.208 0.872 0.003 0.456 0.062 0.504
Kojonup
Uninfected - 0.445 ± 0.058 0.499 ± 0.062 0.483±0.064 0.408 ± 0.064 0.435±0.057 0.415 ± 0.047 0.527 ± 0.045
Infected - 0.425 ± 0.066 0.371 ± 0.066 0.387±0.071 0.463 ± 0.076 - 0.455 ± 0.082 0.343 ± 0.097
P-value 0.839 0.692 0.033 0.184 0.500 - 0.570 0.066
                              GLRM single and multiple parasite interactions (P value) GLM R
2
Boyup Brook Trich (0.002) 0.206
Kojonup G (0.003), Tel (0.070), Tel x Chab (0.011), Trich x Chab (0.045), Tel x Trich (0.014)  0.291Page 33 of 39
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Table 5 666
Risk of non-pelleted faeces (FCS ≥ 3.0) in association with protozoan parasites. 667
668
669
670
671
672
673
* = Fisher’s exact test. 674
Odds ratio for faecal consistency score ≥3.0 (95% CI) 
Farming Property
Cryptosporidium Giardia Cryptosporidium and Giardia
Odds ratio P-value Odds ratio P-value Odds ratio P-value
Boyup Brook
First Sampling 2.81 (1.11 – 7.07) 0.025 2.42 (1.09 – 5.88) 0.070 4.93 (1.25 – 22.29) 0.036*
Second Sampling 3.75 (1.67 – 8.42) 0.001 2.87 (1.23 – 4.98) 0.024 11.84 (3.15 – 44.48) <0.001
Kojonup
First Sampling 5.51 (1.68 – 18.07) 0.003 4.09 (1.26 – 13.23) 0.015 4.64 (1.14 – 18.81) 0.023
Second Sampling 11.57 (1.12 – 119.92) 0.039* 14.00 (1.34 – 146.43) 0.027* 2.91 (0.85 – 31. 84) 0.382*Page 34 of 39
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675
676
677
678
679
680
Figure 1. Phylogenetic relationships of Cryptosporidium species and genotypes isolated  681
from lambs in southern Western Australia, with some known Cryptosporidium species and  682
genotypes, as inferred by Neighbour-joining analysis of Kimura’s distances calculated from  683
pair-wise comparisons of partial (~540bp) 18S rRNA gene (A) and (~830bp) actin gene (B)  684
sequences. Percentage bootstrap values (>50%) from 1000 pseudoreplicate are shown for  685
both the Neighbour-joining (first value) and maximum likelihood (second value) analyses. 686
687
688
689
690
691
692
Figure  2.  Phylogenetic  relationships  of  Giardia  duodenalis  assemblages  isolated  from  693
lambs  in  southern  Western  Australia,  with  some  known  assemblages,  as  inferred  by  694
Neighbour-joining analysis of Kimura’s distances calculated from pair-wise comparisons of  695
partial  (~480bp)  glutamate  dehydrogenase  (A)  and  (~511bp)  β-Giardin.  Percentage  696
bootstrap values (>50%) from 1000 pseudoreplicate are shown for both the Neighbour- 697
joining  (first  value)  and  maximum  likelihood  (second  value)  analyses.  ns  =  node  with  698
bootstrap value <50%. 699Page 35 of 39
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700
701
702
703
704
705
Figure 3. The frequency of lambs with respective total numbers of internal parasite genera  706
(Cryptosporidium, Giardia and strongylid nematodes) detected per lamb for the Boyup  707
Brook (left) and Kojonup (right) flocks. 708
709
710
711
712
713
714
Figure 4. The mean body condition score (BCS) ± SEM for lambs with different numbers  715
of internal parasite genera (strongylid nematodes, Cryptosporidium and Giardia) detected  716
per lamb. 717Page 36 of 39
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Figure 4